The scaling of organelles with cell size is thought to be exclusive to eukaryotes. Here, we 23 demonstrate that similar scaling relationships hold for the nucleoid in bacteria. Despite the 24 absence of a nuclear membrane, nucleoid size strongly correlates with cell size, independent of 25 changes in DNA amount and across various nutrient conditions. This correlation is observed in 26 diverse bacteria, revealing a near-constant ratio between nucleoid and cell size for a given 27 species. As in eukaryotes, the nucleocytoplasmic ratio in bacteria varies greatly among species. 28
Summary 22
The scaling of organelles with cell size is thought to be exclusive to eukaryotes. Here, we 23 demonstrate that similar scaling relationships hold for the nucleoid in bacteria. Despite the 24 absence of a nuclear membrane, nucleoid size strongly correlates with cell size, independent of 25 changes in DNA amount and across various nutrient conditions. This correlation is observed in 26 diverse bacteria, revealing a near-constant ratio between nucleoid and cell size for a given 27 species. As in eukaryotes, the nucleocytoplasmic ratio in bacteria varies greatly among species. 28
This spectrum of nucleocytoplasmic ratios is independent of genome size, and instead appears 29 Surovtsev and Jacobs-Wagner, 2018). In eukaryotic cells, a distinctive feature of intracellular 43 organization is the nucleus, a membrane-enclosed organelle that harbors most of the cell's genetic 44 material. The nuclear envelope hereby spatially confines the genetic material and physically 45 separates transcription and translation. While the sizes of cells and nuclei vary considerably 46 among species and tissues, there is a remarkable linear size scaling relationship between the cell 47 and the nucleus for a given cell type, which was first reported over 100 years ago (Conklin, 1912; 48 Woodruff, 1913) . Correlations between cell size and nuclear size are not only widespread among 49 eukaryotic cells but also robust to genetically-and nutritionally-induced cell size perturbations 50 (Jorgensen et al., 2007; Neumann and Nurse, 2007) . This scaling property results in a constant 51 ratio between nuclear and cellular volumes, also known as the karyoplasmic or 52 nucleocytoplasmic (NC) ratio (Wilson, 1925) . Why cells maintain a specific NC ratio is generally 53 not well understood, though alterations in NC ratios have been associated with aging and diseases 54 such as cancer (Capell and Collins, 2006; Chow et al., 2012; Prokocimer et al., 2009; Zink et al., 55 2004 ). The sizes of other cellular components such as vacuoles, mitotic spindles, centrosomes 56 and mitochondria have also been shown to scale with cell size in various eukaryotic cell types 57 (Levy and Heald, 2012; Marshall, 2015; Reber and Goehring, 2015) . As such, these scaling 58
properties are believed to be unique to eukaryotes. 59 60 In bacteria, the chromosomal DNA typically occupies a subcellular region called the nucleoid 61 condition ( Figure S4B ). These results indicate that the scaling between nucleoid and cell sizes 141 occurs independently of DNA replication. 142 143 To confirm this unexpected conclusion, we used temperature-sensitive dnaC2 mutant cells 144 producing an HU-mCherry fusion to visualize the nucleoids. At restrictive temperatures, these 145 cells are unable to initiate new rounds of DNA replication, but continue to grow without dividing 146 (Carl, 1970) . We found that 90 min after the temperature shift to 37 °C, the average cell size of 147 the population began increasing at which time we measured the size of both cells and nucleoids 148 at regular intervals for 210 min. Remarkably, the size of the nucleoid increased with cell size over 149 an almost 4-fold range before reaching a plateau in long cells ( Figure 2C were able to readily identify cells in distinct cell-cycle periods ( Figure 3A ). As with E. coli ( Figure  163 2B), we observed a strong scaling relationship between nucleoid size and cell size in cells in the 164 B and D periods ( Figure 3B ), indicating that nucleoid size scaling occurs even in the absence of 165 DNA replication. As in E. coli, nucleoid size determination in C. crescentus was independent of 166 DAPI signal intensity ( Figure S5A) , and insensitive to the nucleoid labeling method ( Figure S5B ). 167
Scaling was maintained in defined (M2G) and complex (PYE) growth media ( Figure S5C Nucleoid size scaled with cell size in both E. coli and C. crescentus. However, their NC ratios were 172 very different ( Figure 3C ). This is consistent with observations that the nucleoid spreads through 173 most of the cell in C. crescentus whereas E. coli displays DNA-free regions (Jensen and Shapiro, 174 1999; Kellenberger et al., 1958) . The large NC ratio in C. crescentus was not due to PopZ- The scaling relationship between nucleoid and cell sizes is likely a common bacterial feature, as 180 we observed it in over 35 species from different phyla or classes ( Figure 4A and Figure S6A ). Each 181 species investigated displayed a constant, specific NC ratio ( Figure 4B ). To avoid measurement 182 biases, we used the same Oufti parameters to identify the nucleoid contour of all cells in this 183 dataset. As with E. coli and C. crescentus, we confirmed that the NC ratio was not affected by the 184 intensity of the DNA signal ( Figure S7A-B ). We also observed no correlation between the average 185 DNA signal intensity and the average NC ratio ( Figure S7C ). The various species were generally 186 grown in complex media described in the literature or recommended by the provider. In some 187 cases, we examined different growth conditions. For example, we imaged Bacteroides 188 thetaiotaomicron (B. theta) grown in vitro in both complex (TYG) and defined (GMM) media, or in 189 vivo in mono-associated gnotobiotic mice. For the latter, the samples were obtained from the 190 cecum and feces. These different growth conditions revealed differences in cell sizes but, in all 191 cases, nucleoid size scaled with cell size at the single-cell level ( Figure 4A ). 192
193
The name "nucleoid" (nucleus-like) comes from the early observation that the bacterial 194 chromosome occupies a distinct intracellular region (Kellenberger et al., 1958; Mason and 195 Powelson, 1956) , as exemplified by the organization of the γ-proteobacterium E. coli ( Figure 1A ). 196
The near-cell-filling organization of the chromosome in the α-proteobacterium C. crescentus is 197 usually ignored or thought of as an exception (Campos and Jacobs-Wagner, 2013; Surovtsev and 198 Jacobs-Wagner, 2018). Analysis of the average NC ratios of our panel of diverse species revealed 199 that high average NC ratios, i.e., near-cell-filling nucleoids, can be found not only in other α-200 proteobacteria but also in some Bacteroidetes ( Figure 4B ). Furthermore, there was no 201 subdivision of the analyzed bacteria into discrete lower and higher NC ratio categories. Instead, 202
we observed a continuum of average NC ratios across species ( Figure 4B ). 203 204 While sorting species based on their average NC ratios revealed some phylogenetic clustering 205 ( Figure 4B ), phylum association was not necessarily predictive of NC ratio. For example, α-206 proteobacteria generally had a higher NC ratio than proteobacteria from the β, γ, or δ classes 207 ( Figure 4B ). Bacteroidetes provided a striking example of distinct chromosome organization 208 within a phylum. Cytophaga hutchinsonii displayed a high NC ratio, characteristic of cell-filling 209 DNA, whereas Parabacteroides distasonis exhibited a considerably lower NC ratio and clear DNA-210 free regions ( Figure 4B and Figure S6A ). These results indicate that the intracellular organization 211 of the chromosome is an evolvable feature that varies significantly between species without strict 212 phylogenetic determinants. 213
214
The average NC ratio negatively correlates with the average cell size 215 Given this surprisingly large spectrum of average NC ratios among bacteria, we wondered 216 whether certain cellular characteristics are associated with a given NC ratio. We found no 217 correlation between genome size and average NC ratio (or average nucleoid area, or cell volume), 218 despite a ~3-fold difference in genome size between the included species ( Figure S6B ). Growth 219 rate was also a poor predictor of NC ratios. (Sun et al., 1999) , was similar to that of E. coli growing in LB. 224
225
We did, however, observe a striking, seemingly exponential relationship between the average cell 226 volume and the average NC ratio of bacteria ( Figure 5A ). The exponential relationship was 227 particularly apparent upon plotting the mean NC ratio versus the logarithm of the mean cell 228 volume ( Figure 5A , inset), with a Kendall correlation τ = -0.70. This strong correlation indicates 229 that the average cell volume of a species is highly predictive of the average NC ratio. We also 230 observed strong relationships between other morphological descriptors and the NC ratio ( What are the physiological implications of a high or low NC ratio? We speculated that DNA might 241 affect the dynamics, and thereby the organization, of large cellular components whose diffusion 242 may be impeded by the DNA meshwork. In bacteria with low NC ratios like E. coli, large objects 243 may be able to more freely diffuse in DNA-free regions. In contrast, motion may be limited in 244 bacteria with high NC ratios like C. crescentus where the DNA spreads throughout most of the 245 cytoplasm. To test this idea, we conducted experiments using genetically-encoded GFP-μNS 246 particles expressed in E. coli and C. crescentus. We previously showed that GFP-μNS particles are 247 useful to probe the biophysical properties of the bacterial cytoplasm (Parry et al., 2014). These 248 probes derive from a mammalian reovirus protein that assembles into spherical objects 249 (Broering et al., 2005; Broering et al., 2002) . Once fused to GFP, they form fluorescent particles 250 that increase in signal intensity and absolute size with increased GFP-μNS synthesis (Parry et al., 251 2014). We tracked GFP-μNS particles from three bins of particles of similar intensity (and, 252 consequently, size) in both E. coli and C. crescentus growing at a similar rate ( Figure 6A and Movie 253 S1-2). Comparison of the ensemble-averaged mean squared displacements (MSDs) for particles 254 belonging to these bins revealed drastic differences in probe dynamics between the two species 255 ( Figure 6B ). GFP-μNS particles in C. crescentus, independent of their size range, displayed 256 significantly lower mobility than in E. coli ( Figure 6B ). Diffusion measurements of free GFP are 257 similar in these two species (Elowitz et al., 1999; Montero Llopis et al., 2012) , indicating that a 258 difference in cytoplasmic viscosity cannot explain these observations. Instead, these observations 259 support the notion that different NC ratios can lead to different biophysical properties of the 260 cytoplasm that affect the mobility of large cytoplasmic objects. To test this hypothesis, we used photoactivated localization microscopy to track ribosomes in 279 both E. coli and C. crescentus. In E. coli, we labeled ribosomes using a fusion of ribosomal subunit 280 protein S22 with mEos2 (Wang et al., 2011). In C. crescentus, we tracked L1-Dendra2-tagged 281 ribosomes (Lim et al., 2014) . In both cases, the fusion replaced the wild-type copy of the 282 ribosomal gene at its native chromosomal locus (Lim et al., 2014; Wang et al., 2011) . Importantly, 283 we acquired data at five different frame intervals (between 5 and 100 ms) and constructed 284 ensemble MSDs for each frame interval (> 8900 trajectories per frame interval, Figure 6C and 285 Movie S3-4). We reasoned that polysomes diffusing in a DNA meshwork may experience caging 286 and uncaging behaviors, as observed for probes diffusing in gels ( The MSDs indeed revealed non-linear dynamics, with polysomes in C. crescentus displaying lower 294 mobility than those in E. coli, especially at the longer (subsecond) timescales ( Figure 6C ). The 295 difference in MSDs was not due to polysomes "experiencing" cell membrane confinement sooner 296 in C. crescentus because of its smaller size than E. coli, as higher MSD values were obtained in both 297 organisms following treatment with the transcription initiation inhibitor rifampicin ( Figure 6D ). 298
Rifampicin treatment results in mRNA depletion, thus converting all polysomes into smaller, and 299 therefore faster, free ribosomes (Blundell and Wild, 1971) that explore more cellular space in the 300 same amount of time ( Figure 6D ). This finding demonstrates that at the subsecond timescale, cell 301 size does not limit polysome mobility in either organism, and that cell confinement is not 302 responsible for the observed mobility difference between the two species. 303
304
The non-linear dynamics of ribosomes became particularly apparent when we calculated the 305 apparent diffusion coefficient (Da) and the anomalous exponents (α) from the MSDs. The value 306 for Da is commonly extracted from the slope of the first few time lags of the MSD curve using the 307 equation MSD = 4Dat (Michalet, 2010). Anomalous exponents were obtained from the slope of the 308 first three points of the MSD vs. time (as anomalous diffusion in the cytoplasm is characterized 309 by a power law scaling: MSD(t) ∝ t α (Bouchaud and Georges, 1990)). Generally, in biological 310 studies, Da and α are assumed to be constant over time, such that most single-molecule tracking 311 experiments are done using only a single time frame. However, our analysis revealed a striking 312 dependency of Da and α on the timescales at which the measurements were made ( Figure 6E in E. coli, we were unable to quantify ribosome mobility with a simple one or two-state diffusion 335 model, but we did observe clear qualitative differences in ribosomal recovery between the two 336 species ( Figure 6G , Movie S5-6). E. coli cells showed nearly complete fluorescence recovery at the 337 photobleaching location after 450 s while C. crescentus cells often recovered less than 20% of 338 their prebleached fluorescence intensity. 339 340 Intracellular organization of translation is associated with the NC ratio and cell size 341 The decreased mobility of polysomes in C. crescentus is consistent with the notion that the cell-342 filling nucleoid impedes polysome motion in this species. In E. coli, on the other hand, polysomes 343 display higher mobility likely because they can diffuse more freely and accumulate in DNA-free 344 regions once they escape the DNA meshwork. This raises the intriguing possibility that the 345 difference in NC ratio and its impact on ribosome mobility contribute to the striking difference in 346 spatial organization of ribosomes and thus translation between these two organisms. In If the NC ratio does indeed affect the spatial organization of translation, we may expect to already 355 see changes in ribosome localization in E. coli cells grown in different nutritional environments 356 that lead to small variations in NC ratios ( Figure 1C , inset). To test this expectation, we used an E. 357 coli strain carrying a mEos2 fusion to a ribosomal protein (Sanamrad et al., 2014) and grew this 358 strain under 12 growth conditions that result in slightly varying NC ratios. Although nucleoid 359 exclusion of ribosomes was observed for each growth condition, the exclusion was more 360 pronounced in cells with smaller average NC ratios. This is exemplified in Figure 7A showing a 361 comparison between cells in a nutrient-rich medium (M9gluCAAT, average NC ratio = 0.53) and 362 cells in nutrient-poor medium (M9gly, average NC ratio = 0.58). We quantified the average 363 nucleoid exclusion of ribosomes by calculating the signal correlation factor (SCF), a metric that 364 measures the correlation between two fluorescent signals (see STARS Method). An SCF of 1, 0 and 365 -1 indicates that the two signals display perfect co-localization, independent localization and 366 exclusion, respectively. We restricted the calculation of SCF to a specific "correlation area" within 367 individual cells ( Figure S8A ) to minimize the effects of cell size and geometry on the correlation 368 (see STAR methods). This quantification across 12 growth media with varying NC ratios 369 confirmed the gradual increase in ribosome exclusion with decreasing NC ratio (increasing 370 average cell size), as evidenced by the more negative average SCF values ( Figure 7B ). 371 372 Given the continuum of NC ratios among diverse species ( Figure 4B ), we may also expect to see 373 differences in ribosome localization among species with varying NC ratios. To examine this 374 possibility, we performed fluorescence in situ hybridization (FISH) microscopy on 10 different 375 species using a Cy5-labeled EUB338 probe complementary to the 5' domain of 16S rRNA (Amann 376 et al., 1990). This probe is complementary to the majority of eubacterial species sequenced and 377 provides a method to visualize bulk ribosome localization in diverse species. As a control, we first 378 performed SCF quantification for an E. coli strain producing fluorescently labeled ribosomes. This 379 test revealed that cell fixation, a necessary step of the FISH procedure, slightly affects ribosome 380 and DNA localization, thereby artificially increasing the SCF value ( Figure S8B ). Despite this 381 caveat, we still observed nucleoid exclusion of ribosomes and strong colocalization between the 382 ribosome signals obtained from the fluorescent labeling (using RlpA-GFP) and the FISH 383 procedure (using Cy5-EUB338) at the single-cell and population levels ( Figure 7D -E), validating 384 our FISH method. For the 10 species tested, we found that the SCF obtained by FISH correlates 385 with their average NC ratio ( Figure 7F ). Given the spectrum of NC ratios among diverse species 386 ( Figure 4B ) and the correlation between the average NC ratio and the average cell size ( Figure 5) , 387 our results also suggest a relationship between nucleoid exclusion of ribosomes and average cell 388 size. Indeed, we found a strong negative correlation (τ = -0.82) between the average SCF and the 389 average cell size across the tested species ( Figure 7G ). In other words, the bigger the average size 390 of the species, the smaller its average NC ratio and the more ribosomes were excluded from the 391 nucleoid. Altogether, our findings suggest a continuum of ribosome organization across bacteria 392 and identify the average NC ratio and cell size of a species in a given growth medium as good 393 predictors of how this bacterium spatially organizes translation. 394 395
Discussion

396
Although the first reports of scaling relationships in eukaryotes between the size of subcellular 397 components and that of the cell date back more than 100 years (Conklin, 1912; Marshall, 2015; 398 Wilson, 1925; Woodruff, 1913) , this phenomenon has remained largely unexplored in bacteria. 399
Here, we demonstrate that nucleoid size strongly scales with cell size in exponentially growing 400 cultures across a wide range of cell sizes and a diverse panel of bacterial species (Figures 1, 2 , 3, 401 4, S1, S3D, S4, S5 and S6). Despite the apparently conserved nature of nucleoid size scaling, we 402 found a continuum of NC ratios across species ( Figure 4B 2017; Levy and Heald, 2010) . The fact that the scaling property extends to bacteria, which lack a 415 nuclear envelope, makes it even more remarkable. It highlights an intrinsic property of the DNA 416 and the cell that predates the development of membrane-enclosed organelles such as the nucleus. 417
The fact that it arises regardless of the way the genome is packaged into the cell (independently 418 of nuclear membrane or histones) suggests that it is an ancient and basic cellular feature. 419 420 Although nucleoid size scaling is widespread among bacteria, the resulting NC ratios vary 421 considerably ( Figure 4B We found no link between NC ratio and chromosome size or growth rate of a given species (Figure  425   S6 ). Instead, we discovered a remarkable relationship between the average cell size of a 426 population and its average NC ratio, as the latter strongly correlated with morphological metrics 427 that reflect average cell size (i.e., average cell volume, length, width, area and surface area to 428 volume ratio) ( Figure 5 ). Although the relationship is strongest for the average cell volume, the 429 strong correlations with other size-related variables currently preclude us from associating the 430 NC ratio with a specific morphological feature. It is important to note that while the relationship 431 between average cell size and average NC ratio has predictive value at the population level, it does 432 not extend to the single-cell level. This is evident from the maintenance of the NC ratio over the 433 course of a cell cycle (Figure 1) and is further exemplified by the fact that an overlap in cell size 434 between C. crescentus and E. coli does not lead to an overlap in NC ratio at the single-cell level 435 ( Figure 3C ). These findings indicate that although a general relationship between average cell size 436 and the NC ratio exists, the latter is controlled by factors other than cell size at the single-cell level. interpretation, we anticipate that the NC ratio of a given bacterium, together with the lifetime of 474 the mRNA, will dictate whether protein synthesis from this mRNA primarily occurs near the gene 475 locus where the mRNA was transcribed, or away from it. 476
477
In eukaryotes, the term cytosol is used to designate the part of the cytoplasm that is not held by 478 organelles. We propose that a similar distinction can be made in bacteria. Even without a 479 membrane-enforced separation, the nucleoid (organelle) provides a distinct biophysical 480 environment from the DNA-free region of the cytoplasm (cytosol). The spectrum of NC ratios 481 across species and growth conditions suggests that the cytosolic fraction of a bacterial cell is far 482 from fixed, and is instead an evolvable feature ( Figure 4B ). Although the NC ratio depends on the 483 growth conditions for a given species, the actual fluctuations between conditions are small in 484 comparison to the entire spectrum observed across species ( Figures 1C and 5B ). This observation 485 may reflect unappreciated evolutionary constraints on intracellular organization and cell size for 486 a given bacterial species. individual CJW6324 cells grown in the indicated growth media (for a full description of the 851 growth media, see Table S1 ). The contour lines represent the 0.10, 0.25, 0.50 and 0.75 probability 852 envelopes of the data. 853 C. Scatter plot of the average cell area versus the average nucleoid area for the indicated growth 854 conditions. Inset: scatter plot of the average cell area versus the average NC ratio for the same 855 growth conditions. Error bars indicate 95% confidence intervals. B. Scatter plot of average SCF versus average NC ratio for E. coli cells (CJW6769) grown in the 951 indicated growth media (for a full description of the growth media, see Table S1 ). 
Figure legends
Bacterial strains and growth conditions 977
Construction of strains and plasmids is detailed in Table S2 . 978
979
To obtain steady-state growth conditions, cells were first inoculated in the appropriate growth 980 medium and grown to stationary phase in culture tubes. Cells were subsequently re-inoculated 981 into fresh medium by diluting them 1/10000 or more, and grown until they reached an optical 982 density at 600 nm (OD600) of 0. 
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